We report the fabrication of a tellurite optical fiber with a suspended core design, formed on a 220 nm wide filament of glass. The fiber was pumped at two different wavelengths (1500 nm and 2400 nm) using femtosecond pulses generated from an optical parametric oscillator (OPO) in order to produce mid-infrared supercontinuum (SC). We observed that SC spectra extending to 3 µm were readily generated. To further optimize the design detailed numerical study was performed which revealed how the fiber structural characteristics dramatically influence the spectral broadening because of the changes in the dispersion profile and in turn, the interplay of nonlinear effects that give rise to SC generation. We found that an accurate control of the core shape can be employed to contain the generated SC spectra within well-defined spectral regions or to provide a broad extension of the continuum to beyond 4 µm.
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Fiber-based supercontinuum (SC) sources have an attractive combination of high brightness and broad bandwidth, which makes them ideal sources for spectroscopy [1] and if the coherence is high, then also for metrology [2] . Supercontinuum generation (SCG) across the mid-infrared (mid-IR) has enabled the molecular fingerprinting of organic compounds leading to a host of cross-disciplinary applications in the fields of sensing [3] , cosmetic product inspection [4] , protein structure derivation [5] and detection of biological species [6, 7] . To extend the wavelength range beyond the transparency window of silica, mid-IR SCG has often been based on soft glasses [8] such as chalcogenide [9] , tellurite (Te) [10, 11] , lead silicate [12] and fluoride [13] . Microstructuring has been used to engineer the zero-dispersion wavelength (ZDW), which is typically in the mid-IR for soft-glasses, to match the wavelength of widely available near-IR pulsed lasers. However, because of the narrow temperature range of the glass transition in soft glasses, the fibers are challenging to fabricate when compared to the now established procedures used to fabricate silica microstructured fibers. For this reason, as well as for the rather low mechanical robustness of these glasses, the innovation in Te and chalcogenide fiber designs has been quite limited as compared to silica fibers [14] [15] [16] . In this paper, we present experimental and modelling results showing SCG in a novel Te fiber with an elongated core on a thin filament of glass as shown by the scanning electron microscope (SEM) image in Fig. 1 . The preform was fabricated using the extrusion method [17, 18] and was then drawn into the final fiber using a conventional fiber drawing tower. The fiber has high birefringence for compatibility with planar waveguides, and the shape of the fiber core is controlled both by the shape of the extrusion die and by surface tension effects during fiber drawing. Hence, there is more design freedom than in socalled wagon-wheel fibers [10, 19] where surface tension effects between the core and multiple supporting filaments govern the core shape. Alongside the experimental SCG results presented here, the simulations show the effect of the core shape on the SCG bandwidth. We simulated different cores, all with the same ZDW for the fundamental mode as the experimentally fabricated fiber, achieved by appropriately varying the major/minor axes. SCG simulations with identical initial pulses are then shown for the experimentally fabricated fiber and for the narrowest and widest of the core designs considered. The tellurite glass composition used here was 70%TeO2-20%ZnO-9%BaO-1%BaCl2 (mol.%). The glass was prepared in a dry atmosphere glove-box resulting in low levels of water retention of less than 0.2 ppm [20] . This was crucial for reducing losses at wavelengths greater than 3 µm. The fiber loss is shown in Fig. 2(a) . The 1.6 dB/m loss at 1550 nm was measured using a CW laser and the cut back method. At longer wavelengths we estimated the loss from measurements on a bulk-glass sample (typically a good match with data on fabricated fibers). We have not calculated or measured the bend loss as it is not a major concern with the short fiber lengths considered here. Despite the dry processing there is a high loss at 3.4 µm, but a tellurite glass with a similar composition has enabled us recently to produce the improved loss curve shown in blue in Fig. 2 (a) that should enable SCG out towards the ~4.5 µm multi-phonon edge. The dispersion profile of the fiber was calculated using a finite element method (FEM) based mode-solver. The dispersion of the glass was calculated based on the Sellmeier equation using published data for a related tellurite glass [21] . The core of the fabricated fiber could be fitted to a cosine function given by where h is the radius of the minor axis defined as the height of the core outline above the supporting filament and w is the radius of the major axis characterized as the length of the core. The total thickness of the core is thus given by 2h+t, where t is the thickness of the filament, and the elongated core is between x = -πw and +πw. The excellent match of this profile to the fiber shape is shown by the line overlaid with the SEM image in Fig. 1(b) . For the fabricated fiber the parameters were: h = 724 nm, w = 1.732 µm, t = 220 nm and the calculated dispersion is shown in Fig. 1(c) . Following slab-waveguide nomenclature, we name the mode with E-field parallel to the filament as TE and the orthogonal mode as TM. The ZDW of the fundamental TE mode is 1480 nm. The birefringence is so strong that the fundamental TM mode and first higher-order TE mode have almost degenerate mode-constants at a wavelength of ~2.8 µm resulting in a so-called avoided crossing, as evidenced by the dispersion anomaly at this wavelength shown in the graph. All of the SCG spectra in this paper are for the fundamental TE mode that produced the broadest SC in our simulations.
The fiber effective nonlinear coefficient of γ = 379 W -1 km 1 [22] was measured using the nonlinear phase shift of a dual-frequency CW beat signal centred close to 1550 nm. The experimental setup used for demonstrating SCG in the fiber is shown schematically in Fig. 3 (a) . We launched ~ 90 fs linearly polarized pulses (time-bandwidth product ~0.46), from an in-house built optical parametric oscillator (OPO), similar to that reported in Ref. [24] , using a halfwave-plate to couple into the TE mode that produced the broadest spectrum in a 15-cm long fiber. The OPO output wavelength was 1500 nm with pulses at a repetition rate of 80 MHz and average power of up to 400 mW. The neff of the fundamental TE mode at 1550nm is 1.98 so the Fresnel reflection is 10.8%. With an aspheric lens (f = 2.75 mm) we coupled ~22 % of the power into the fiber. The achievable value considering mode-overlap with a circularly symmetric TEM00 Gaussian input with optimized beam diameter (1/e radius of the input intensity profile of 0.761 µm) would be 79.4% resulting in a possible coupling efficiency of 70.8% after the Fresnel loss, indicating improved mode-matching should be possible, but the coupled energy was still sufficient to achieve substantial spectral broadening. An indium fluoride patch cord was butt-coupled to the output to transport the light to a spectrometer. A Yokogawa OSA was used for wavelengths up to 2400 nm and a liquid-nitrogen cooled
InSb detector attached to a monochromator (TMc300 from Bentham Ltd.) was used for longer wavelengths. Figure 3(b) shows the increase in the SC bandwidth with pump power. At the highest pump power of 400 mW, corresponding to a launched pulse energy of ~1 nJ, a maximum SC bandwidth of ~2200 nm was measured at a level 40 dB below the peak. Next, to extend the SCG to longer wavelengths we launched the idler from the OPO, tuned to 2400 nm into a 3-cm length of the fiber. The maximum OPO power was 290 mW at this wavelength and the coupling efficiency of 17% implied a maximum launched pulse energy of ~0.5 nJ. A pair of ZnSe lenses (f = 6 mm) were used to couple the output into the indium fluoride patch cord connected to the monochromator. Figure 3(c) shows that the continuum then extended slightly beyond 3 µm. As this experimental work used comparable pulse energies and durations to those in the work with a starshaped Te microstructured fiber (core size 2.5 µm) used in Ref. [19] , which resulted in a continuum extending to 4 µm, we investigated the detailed influence of the pump wavelength in relation to the fiber ZDW and how the change in fiber shape influenced the continuum using numerical simulations. The simulations used the generalized nonlinear Schrödinger equation solved using a split-step Fourier method [25] . The equation contained the full dispersion profile of the fiber (Fig. 1) , measured Raman response function for a similar glass [26] and the full loss profile of the fabricated fiber shown in Fig. 2(a) . The nonlinearity was matched to the calculated value ( Fig. 2(b) ) at the pump wavelength and included the dominant 1/λ wavelength dependent decrease at longer wavelengths, but, following common practice, it did not include the less significant 1/Aeff decrease with mode area. Figures 3 (d,e) show the results using pulse parameters corresponding to those used experimentally in Figs. 3 (b,c), confirming reasonable agreement between the simulations experiment. For both 1500 nm and 2400 nm pump wavelengths the majority of the broadening occurred rapidly due to soliton fission [25] in the first 3-5 mm of propagation along the fiber, followed by slower broadening due to soliton self-frequency shifting (SSFS) as the pulse propagated further. In Ref. [19] the fiber ZDW was at 1380 nm, so that the 1550 nm pump was 170 nm into the anomalous dispersion region. Simulations applying this offset to our fiber in Fig. 4 with 90 fs, 1 nJ, 1650 nm seed pulses extended the continuum beyond 3 µm. In Fig. 4(a) the loss of the fabricated fiber has bee napplied, and this attenuates the long-wavelength edge so the broadest spectrum was achieved after ~3 cm of propagation. This is consistent with our experimental observations that a 3 cm fiber length was approximately the optimum with the 2400 nm pump pulses. In Fig. 4(b) the results show that even with the lower loss of our more recently investigated tellurite glass the broadening slows rapidly at ~3.5 µm so additional broadening was only ~700 nm compared to 1500 nm pumping. We expected that the monotonically increasing fiber dispersion coupled with the reduced nonlinearity at long wavelengths (see Fig. 2(b) ) were the primary reasons. Fig. 4 . Evolution of the supercontinuum spectrum (in dB, normalized to the peak spectral density) vs fiber length pumping at 1650 nm and: (a) Fabricated fiber loss; (b) For our more recently made tellurite glass with lower loss (see Fig. 2(a) ).
To investigate if a different, e.g. flatter, dispersion profile would enable further broadening and if that might be achieved by using the design freedom inherent in this fiber geometry of permitting core shape variation, we considered fiber designs in which the core was either more elongated or more circular than was the case for the experimentally fabricated fiber. We parameterized the search using the same cosinusoidal core shape that was found to be a good fit to the fiber in Fig. 1 and then used the full FEM based mode solver and a powerful computer to scan the parameter w by multiplying it by a factor qw in the range 0.6 to 2 and then for each value of qw find a suitable multiplier qh to apply to the h parameter that, for a constant value of t, kept the ZDW fixed at 1480 nm i.e. finding the appropriate transformation (w,h) (wqw,hqh).
The predicted dispersion profiles for the extreme cases Fig. 5(b,c,d ) as a new fiber could be fabricated from that newer glass composition. A pump wavelength of 1650 nm was again used with pulse energy of 1 nJ and duration of 90 fs. One might have expected that the reduced nonlinearity of the more elongated cores might limit the SC bandwidth. However, on the long wavelength edge, the SC is dominated by the SSFS of the fundamental solitons ejected by soliton fission [25] . Thus a lower dispersion peak produces a broader continuum output and to confirm this we compare Figs. 4 and 5(c, d) , which show the evolution of the SCG along the fiber lengths for the three designs considered above. Again we found that the spectrum broadens rapidly until soliton fission occurs, then for the fiber with qw = 0.6 the SSFS comes to a stop at a wavelength of ~3.5 µm due to the rapidly increasing dispersion. The most elongated fiber core (qw = 2) evolves similarly to the previous case until soliton fission occurs but then the SSFS continues to extend the spectrum to ~4 µm. The flatter dispersion profile with smaller maximum D value has allowed substantial additional broadening. In conclusion, we have fabricated a new suspended core Te fiber and have experimentally demonstrated SCG with fs pump pulses and extending to a maximum wavelength of ~3 µm. We have illustrated by numerical simulations that making the fiber core shape more elongated while maintaining the same ZDW provides additional broadening to ~4 µm and provides higher form birefringence. In contrast, changing the core shape towards a circular profile led to the SCG being confined below 3 µm. This is the first investigation of a new Te fiber design with a core formed on a glass filament and provides insight into the trade-offs it enables for mid-IR generation from near-IR pump pulses.
